Background: The prognostic impact of central nervous system (CNS) involvement in children with acute myeloid leukemia (AML) has varied in past trials, and controversy exists over the degree of involvement requiring intensified CNS therapy. Two recent Children's Oncology Group protocols, AAML03P1 and AAML0531, directed additional intrathecal (IT) therapy to patients with CNS2
INTRODUCTION
Pediatric patients with acute myeloid leukemia (AML) receive central nervous system (CNS) directed chemotherapy to minimize the risk of CNS relapse. Traditionally, pediatric patients with AML who have CNS disease at diagnosis (CNS3), defined as either >5 white Abbreviations: AML, acute myeloid leukemia; BM, bone marrow; CCG, Children's Cancer Group; CNS, central nervous system; COG, Children's Oncology Group; CR, complete remission; CSF, cerebrospinal fluid; DFS, disease-free survival; EFS, event-free survival; EOI, end of induction; GO, gemtuzumab ozogamicin; HR, hazard ratio; IT, intrathecal; LP, lumbar puncture; MRD, minimal residual disease; OS, overall survival; RBC, red blood cell; RR, relapse rate; TRM, treatment-related mortality; WBC, white blood cell blood cells (WBCs) with blasts in cytospin or with clinical or radiographic (chloroma) signs of CNS leukemia, receive more intensive CNSdirected therapy than those without any blasts or symptoms or signs (designated as CNS1). Those with <5 WBC but with blasts on cytospin are designated as CNS2 and in whom the use of extra CNS therapy for CNS2 patients varies among treatment protocols. 1 Alternatively, adult protocols do not routinely administer intrathecal (IT) therapy based on the belief that medium-to high-dose cytarabine will prevent dissemination of leukemia into the CNS and eliminate any CNS disease present at diagnosis. 2 In addition, the adult protocol standard is to perform a lumbar puncture (LP) at the time of diagnosis only if there are CNS symptoms present, and if absent, the LP is performed after a period of systemic therapy to avoid contamination of the cerebrospinal fluid (CSF) with circulating blasts. [2] [3] [4] This differs from the practice in pediatric AML protocols in which LP is performed as part of the diagnostic workup with concomitant IT cytarabine given at this time, as well as during therapy.
One reason for this different approach is that the outcome of pediatric patients with AML with CNS disease at diagnosis has been reported to be worse than those without CNS disease in some studies, though similar or improved in others. [5] [6] [7] A St. Jude study, retrospectively examined AML patients with CNS involvement treated on four consecutive treatment protocols. 5 In these protocols, patients with CNS2 and CNS3 disease were treated with more intensive IT therapy than patients with CNS1 disease. They reported that patients with CNS3 disease had an improved 5-year event-free survival (EFS) than patients with CNS1 or CNS2 disease, but after adjusting for favorable genetic features with this approach there was no significant difference in EFS among the three groups. Another review of four Children's Cancer Group (CCG) pediatric AML trials examined the risk of CNS disease at diagnosis on outcome. 6 In these studies, patients with CNS2 disease, similar to those with CNS1 status, received no intensified IT therapy, which patients with CNS3 disease did receive. There was no significant outcome difference between CNS1, CNS2, and CNS3 patients. More recently, Children's Oncology Group (COG) protocols AAML03P1 and AAML0531 treated patients with CNS2 disease similar to CNS3 patients with intensified IT therapy. The impact on outcome of this change compared to previous CCG studies is examined as is the impact overall of CNS disease at diagnosis.
METHODS
Treatment protocols COG AAML03P1 and AAML0531 have previously been reported. 8, 9 A chemotherapy backbone based on Medical Research Council (U.K.) trials was utilized and on AAML0531 patients were randomized to receive gemtuzumab ozogamicin (GO) in two cycles of chemotherapy, while the pilot protocol AAML03P1 gave GO to all patients during two cycles of chemotherapy. The age limits for AAML03P1 was ≥1 month and ≤21 years, and for AAML0531 was ≥1 month and ≤30 years. The treatment protocols included IT cytarabine at the beginning of each cycle of therapy except Capizzi II highdose cytarabine therapy (fourth of five cycles) for patients without CNS involvement for a total of four cycles. Children required intensified CNS-directed therapy if they had any of the following: (i) any number of blasts on a cytospin prep in an atraumatic (<100 red blood cells [RBCs] ) LP, (ii) blasts in a traumatic tap (≥100 RBCs) in which the WBC/RBC ratio in the CSF was twice than in peripheral blood, (iii) clinical signs of CNS leukemia (such as facial nerve palsy, brain/eye involvement, or hypothalamic syndrome),or (iv) radiographic evidence of an intracranial, intradural mass consistent with a chloroma. Patients with CNS2 or CNS3 disease received twice weekly IT cytarabine until the CSF was clear of blasts plus two additional treatments with a minimum of four IT treatments given and maximum of six during the first induction cycle. If the CSF did not clear of blasts, they were removed from protocol therapy. Patients who cleared the blasts went on to receive similar CNSdirected therapy in subsequent cycles to those without CNS involvement (i.e., IT cytarabine at the beginning of each cycle of chemotherapy except Capizzi II). Patients who developed a relapse at any site were removed from protocol.
Patient characteristics, disease characteristics, and clinical outcome for children who were CNS1, CNS2, or CNS3 at diagnosis were compared to each other as well as to the past CCG trial results. The impact of traumatic taps at diagnosis was also examined. (8;21) . Standard risk was all other cytogenetics. Estimates of relapse risk (RR), treatment-related mortality (TRM), and cumulative incidence of isolated CNS relapse or any CNS relapse were obtained by methods that account for competing events. 11 RR was defined as time from EOI1 or EOI2 for patients in CR to relapse in which deaths without a relapse were considered competing events. TRM was defined as time from EOI1 or EOI2 for patients in CR to death in which relapses were considered competing events. Isolated CNS relapse was defined as the first relapse and without an additional relapse in another site within 30 days. The cumulative incidence of isolated CNS relapse or any CNS relapse was estimated by considering all other relapses and first event deaths as competing events. Differences between groups of patients were tested using the log-rank test for OS, EFS, and DFS. Gray's test was used to test significance for RR, TRM, and cumulative incidence of isolated CNS relapse or any CNS relapse. Cox proportional hazard models were used to estimate hazard ratios (HRs) for univariable and multivariable analyses of OS and DFS. 12 Competing risk regression models were used to estimate HRs for analyses of RR and TRM. 13 Children lost to follow-up were censored at their last known date of contact.
Statistical methods

RESULTS
Patient characteristics
Among the 1,344 eligible patients enrolled on AAML03P1 and AAML0531 with available data for CNS status, 949 (71%) were CNS1, 217 (16%) were CNS2, and 178 (13%) were CNS3. The remaining 125 patients who were CNS3 had either >5 WBC in the CSF with blasts present, or blasts in a traumatic tap in which the WBC/RBC ratio in the CSF was more than twice that in the peripheral blood.
The number of RBC in the diagnostic LP was significantly different among the three CNS groups ( Supplementary Fig. 1 ). 
Patient outcomes
At the EOI1, 77% of CNS1 patients, 72.8% of CNS2 patients, and 69.9%
of CNS3 patients were in CR (P = 0.091). At the EOI2, 89.6% of CNS1 patients, 85.2% of CNS2 patients, and 77.2% of CNS3 patients were in CR (P < 0.001; Table 2 ). Among patients with CNS2 and CNS3 disease, 9 of 216 (4.2%) and 16 of 172 (9.3%), respectively, were removed from protocol due to failure to clear their CSF or resolve their other CNS involvements by the EOI1 (P = 0.041). While persistent BM MRD at the EOI1 did not differ between CNS groups, there was a significant impact on the achievement of morphologic BM and extramedullary CR at the EOI (two cycles) with increasing remission failure as the degree of initial CNS involvement increased (P < 0.001, Table 2 ). The number of patients with refractory CNS disease or relapse in the CNS at EOI2 was 1 of 881 (0.1%) CNS1, 7 of 198 (3.5%) CNS2, and 2 of 147 (1.4%) CNS3.
From study entry, there was no difference in OS, but there was a significant difference in EFS among the three groups (Fig. 1) . There was significantly worse OS, DFS, and RR from EOI1 in CNS3 patients compared to the CNS1 and CNS2 patients. Interestingly, OS was significantly higher among CNS2 patients compared to CNS3 patients from the EOI1. Comparing to previous CCG studies, CNS2 patients on CCG2861/2891/2941/2961 had a 5-year OS of 59.1%, 6 while on this study of COG03P1/0531 the CNS2 patients had a 5-year OS of 69%
(P = 0.013).
There was no difference in the incidence of isolated BM relapse from EOI1 in any of the three groups (Table 2) . However, the 5-year cumulative incidence of isolated CNS relapse was significantly worse in CNS3 patients compared to CNS1 (5.8% vs. 0.6%, P < 0.001, and in CNS2 compared to CNS1 [2.6% vs. 0.6%, P = 0.017]). The 5-year cumulative incidence of concurrent CNS/BM relapse was significantly worse in CNS2 and CNS3 patients compared to CNS1 patients (8.5%, 9.2%, and 2.7%, respectively, P < 0.001). The 5-year cumulative incidence of any CNS relapse was significantly higher in CNS3 patients compared to CNS2 and CNS1 patients (17.7%, 11.7%, and 3.9%, respectively, P < 0.001). The 5-year cumulative incidence of any BM relapse was not significantly different among the three groups (30.2%, 35.1%, 37.8%, respectively, P = 0.11).
Given the higher prevalence of CNS2 and CNS3 disease in the favorable risk inv(16) AML cohort, we evaluated the clinical implications of CNS involvement (Supplementary Table S1 ). Outcome analyses for these low-risk inv(16) cytogenetic patients demonstrate no significant difference in 5-year EFS from study entry in CNS1 patients (69.0% ± 11.6%) compared to CNS2 (52.3% ± 14.2%) and CNS3 (61.4% ± 17.5%) patients, P = 0.187. Observing the other low-risk cytogenetic patients, those with t(8;21), the 5-year EFS from study entry was 74.6% in CNS1, 66.7% in CNS2, and 54.2% in CNS3 patients, P = 0.136. Combined, the EFS for all low-risk patients was worse in the CNS2 and CNS3 patients (P = 0.019; Fig. 2A ). The 5-year OS for the low-risk cytogenetic patients overall was not significantly different among the three groups (CNS1:
84.1%; CNS2: 80.2%; and CNS3: 81.0%). Also in these patients, the RR from EOI1 was significantly higher in the CNS2 (33.5% ± 12.7%) and CNS3 (38.6% ± 14.9%) patients compared to the CNS1 (20.4% ± 6.3%) patients, P = 0.032 and 0.009, respectively. Figure 3 demonstrates the EFS for the three cytogenetic groups.
When examining the other cytogenetic risk cohorts (Figs. 2B and 2C), the 5-year EFS for standard-risk cytogenetic patients was significantly worse for those with CNS3 status (47.2% for CNS1, 43.1% for CNS2, and 32.3% for CNS3, P < 0.001), while statistical differences were not achieved in the high-risk cytogenetic patients (26.7%, 28.6%, and 0%, respectively, P = 0.524) likely due to small numbers.
Multivariable Cox analyses and competing risk regression analyses examined the variables of CNS groups, age, race, cytogenetic risk group, WBC at diagnosis, MRD at EOI1, and treatment with GO. From study entry, CNS 2 and CNS3 status independently adversely impacted EFS, but not OS (Table 3) . From the EOI1, the OS and DFS for the CNS3 patients were significantly worse, due to a significantly higher RR, without a significant change in TRM. The multivariable competing risk regression analyses of isolated CNS relapse primary events showed that CNS3 patients had a significantly higher risk of isolated The outcomes of all patients with traumatic (≥100 RBC) initial LP showed no significantly different OS (HR 1.14, P = 0.405) or EFS (HR Table S2 ). Outcomes of CNS3 patients with or without a traumatic LP, showed no significant differences in OS, EFS, or RR (Supplementary Table S3 ) further illustrating the lack of adverse outcome resulting from a traumatic tap at diagnosis. In addition, the 53 patients with CNS3 disease based on, or also with, clinical signs of CNS leukemia or radiographic evidence of a chloroma had no significant difference in OS, EFS, DFS, or RR compared to the remaining CNS3 patients who had blasts in the CSF.
At the other end of the spectrum, in patients with no RBC in their initial CSF, OS was similar among the CNS1, CNS2, and CNS3 patients (62.6 ± 4.8%, 62.7 ± 11.6%, and 66.4 ± 17.5%, respectively, P = 0.974).
These patients with no RBC in the CSF did have similarly worse differences in EFS, RR, and DFS between the three CNS groups but did not have the power to achieve statistical significance (CNS1 vs. CNS2 vs. 
CNS3 for EFS
DISCUSSION
This analysis of children with AML from two consecutive national COG Phase III trials with identical, contemporary backbones, and IT therapies shows that increasing degrees of CNS involvement adversely impacts EFS and DFS primarily by increasing relapse risk. This is despite additional IT chemotherapy doses for both CNS2 and CNS3 EFS from study entry, and OS and DFS from the EOI1 were worse than the patients with CNS1 status, although the OS from study entry was not significantly different. Worse DFS was solely due to a higher RR, as there was no difference in TRM. This demonstrates that the additional dosing of single-agent IT therapy is not adequate to fully control the negative effect of CNS3 or CNS2 status using this chemotherapy regimen. Among the three cytogenetic risk groups, CNS3 status had its greatest adverse impact on EFS in low-and intermediate-risk
patients, whereas CNS2 status primarily impacted low-risk cytogenetic patients.
Patients with CNS2 disease had an intermediate outcome that was not statistically significant between CNS1 and CNS3 patients, primarily driven by an increase in CNS relapse, despite their receipt of more IT therapy. Their 5-year OS from study entry was significantly better than on the previous CCG studies in which they did not receive intensified IT therapy. 6, [14] [15] [16] [17] However, similar to the overall comparison of contemporary outcomes to the previous CCG studies, the CNS1 patients had a significantly better OS from study entry compared to the past studies (64.1% vs. 49.9%, P < 0.001). This suggests that the change in systemic Examining other potentially confounding variables, we found that CNS2 patients had a higher incidence of several favorable risk factors compared to CNS1 including inv (16) , CEBP , and overall lowrisk disease. These CNS2 patients had worse EFS compared to CNS1
patients, yet OS was better in the CNS2 patients overall, likely a result of the known higher salvage rate for low-risk patients who relapse. This association of CNS disease with low-risk cytogenetics has also been seen in previous studies. 5, 18 Additionally, we show the favorable CEBP mutation to be associated with the presence of CNS disease, whereas a previous study failed to find this in pediatric AML 19 possibly due to fewer patients compared to our current study.
Traumatic LPs, traditionally defined as those with ≥100 RBC/ L, were examined to determine if this had an impact on outcome. In examining the number of RBC in the diagnostic LP, there were significantly more CNS3 patients with ≥100 RBC in the CSF than in the other 2 CNS groups (P < 0.001), raising the concern a traumatic tap could introduce leukemic cells into the CSF and worsen the outcome. In examining the outcome of these patients using univariable and multivariable Cox analysis, those who had a traumatic initial LP had no difference in EFS, OS, or RR. Examining only the CNS3 patients, there was no difference in outcome among those with traumatic versus atraumatic tap (data not shown). Examining patients with no RBC in their initial CSF, there was again little change in outcome differences between the three CNS groups though now due to small numbers these differences were no longer significant (data not shown). In adult AML protocols, a diagnostic LP is not performed in order to prevent contamination of the CSF with blasts unless there are signs of CNS disease present. [2] [3] [4] Our data suggest that traumatic taps in patients who are treated similar to our protocols do not confer a higher risk of treatment failure.
In a previous analysis of children with CNS disease treated on CCG protocols, the CNS groups did not differ significantly in OS from study entry or from EOI, EFS from study entry, or DFS from EOI after adjusting for age, WBC at diagnosis, race, and cytogenetic risk group. 6 A St. Jude review, in 2003, of CNS disease found that patients with CNS3 disease had a significantly higher EFS compared to CNS1 and CNS2 patients. Although this difference persisted after adjusting for treatment protocol and for age at diagnosis, it was lost after adjusting for cytogenetic features, in a subset restricted to 290 patients. 5 Our current study is similar to the St. Jude analysis in which patients with CNS2 and CNS3 disease received more intensive IT therapy. However, in the St. Jude study approximately half of the patients with CNS2
and CNS3 disease also received cranial irradiation that was not used in our study nor is it used or recommended any longer in most contemporary therapies due to its long-term toxicity. 20 In the legacy CCG protocols that utilized intensive timing induction, [14] [15] [16] [17] This review recommended chemotherapeutic CNS prophylaxis for all patients regardless of the presence of CNS disease, but did not specify timing or optimal number of IT therapies. St. Jude investigators in a 2008 review of CNS involvement by leukemia reported their own experience showing that the use of single-agent cytarabine was less effective than triple therapy with cytarabine, methotrexate, and hydrocortisone in preventing CNS relapse. 22 This may be an effective approach to investigate for those with CNS2 or CNS3 status in future trials.
Overall, this study shows that current intensified IT therapy for patients with CNS2 or CNS3 disease in the setting of current-day intensive systemic therapy is not yet optimal. This study gives support to further investigating the therapy for these patients with CNS disease to improve their relapse-free survival, as current methods of intensifying IT therapy are not adequate. While overall marrow and CNS RR failed to be statistically worse among the CNS2 patients compared to CNS1 patients, this study does show that patients with CNS2
status have a worse CNS relapse risk than CNS1 patients and similar to CNS3 patients' CNS relapse risk. Therefore, improved methods of therapy are still needed for this cohort of patients presenting with leukemic involvement of the CNS.
